Air pollutants have become the major problem of many cities, causing millions of human deaths worldwide every year. Among all the noxious pollutants in air, particles with a diameter of 2.5 micrometers or less (PM2.5) are the most hazardous because they are small enough to penetrate to the lungs and invade the smallest airways. Since the presence of dangerous levels of PM2.5, commonly reported in newspapers and on TV, is intertwined with the global pattern of production and consumption, there is a need for citizen science projects that engage the young generations in efforts toward reducing air pollution as they will become the future leaders of society. With this goal, and to enable the geo-temporal characterization of PM2.5, we present a crowdsourcing-based air pollution measurement system that uses affordable DIY atomic force microscopes to measure and characterize PM2.5, exploiting the power of human computation through an online crowdsourcing platform to study how PM2.5 varies over time and across geographical locations. Our system is intended as both a scientific platform and a teaching tool for children to engage in environmental policy.
INTRODUCTION
Air pollutants have become the major problem of many cities, causing millions of human deaths worldwide every year (more than AIDS, malaria, breast cancer, or tuberculosis) (Lim et al., 2012; Yang et al., 2013; World Health Organization, 2014 , 2012 primary by worsening cardiovascular disease and by contributing to the large global burden of respiratory and allergic diseases, including asthma, chronic obstructive pulmonary disease, and pneumonia (MPH and MPH, 2012; Hoek et al., 2013) . Among all the noxious pollutants in air, fine-particulate matter with an aerodynamic diameter of 2.5 micrometers or less (known as PM 2.5) are the most harmful for human health because they are small enough to penetrate deeply into the alveolar region of the lung and may even cross into the blood (Marshall, 2013) . Therefore, air pollution measurements commonly include PM2.5 concentration and its reduction has become a major environmental policy target.
Sources of PM2.5 include electric power plants, industrial facilities, automobiles, biomass burning, and fossil fuels used in homes and factories for heating. Therefore, the problem of high PM2.5 levels is intertwined with the global pattern of production and consumption, making necessary the engagement of the public in efforts toward reducing air pollution and, particularly, the young generations since they will become the future leaders of society. Researchers argue that late childhood and early adolescence are vital when it comes to developing an interest in global environmental problems (Ojala, 2012) . Therefore, citizen science projects that engage the public and specially the young in the reduction of PM2.5 could help spark an interest in global environmental problems, hence shaping future environmental policies.
Unfortunately, although PM2.5 is commonly reported in newspapers and on TV, current techniques for its measurement (Cao, 2013) do not allow for visual inspection of these particles, hampering the engagement of the young, who favor hands-on experiments whose results they can visually explore. Furthermore, current techniques for measuring PM2.5 are limited to reporting the total concentration of this particulate matter in air, ignoring other important features such as the different sizes and shapes of these particles, which might be related to different sources and patterns of production.
Therefore, there is a need for citizen science projects that engage children in the reduction of PM2.5 and, at the same time, for a system that can be used to study the different characteristics of PM2.5. With this goal, we present a crowdsourcing-based air pollution measurement system using DIY atomic force microscopes. Our system involves the children in the process of creating the hardware, taking the sample, and then analyzing it through crowdsourcing. This provides a hands-on way for children to visually explore PM2.5 that challenges them to put their creativity and problem solving skills into play in content-rich activities, therefore engaging them at a deeper level than with traditional teaching methods.
At the same time, our system results in a valuable scientific platform that might enable the geotemporal characterization of different morphological features of these particles through crowdsourcing. By leveraging the power of human computation through a crowdsourcing platform, our system overcomes the complexities of collecting and properly identifying and analyzing PM2.5 particles at a large scale. Although the project is still in its infancy, as more data is collected, we expect that we will be able to identify patterns in the distributions of PM2.5 never reported before.
DO-IT-YOURSELF ATOMIC FORCE MICROSCOPE AND PARTICLE COL-LECTION SYSTEM
Common methods to measure PM2.5 include inlets and filter cups, cyclones, dichotomous impactors and cascade impactors. While these methods can report total concentrations of PM2.5, studying other important information such as the surface roughness, stickiness, deformation, elasticity or morphology of these particles require more advanced methods. One such method is atomic force microscopy (AFM), which has recently been used to study the nanomechanical properties of PM2.5 (Shi et al., 2015) . Atomic force microscopes (AFMs) use a nanoprobe to produce three dimensional maps of a given sample surface with lateral and vertical resolutions on the order of fractions of a nanometer, more than 1000 times better than the optical diffraction limit, therefore providing high resolution images of PM2.5 particle morphology. Furthermore, in contrast to other microscopy techniques such as optical and electron microscopy that require complex optical or electromagnetic lens components, AFMs rely on sensing the direct action between the nanoprobe and the sample surface. This enables the visualization and morphological characterization of PM2.5 particles, together with other nanomechanical properties.
Unfortunately, atomic force microscopes, due to their high cost, are out of the reach of most educational centers. To solve this, the LEGO Foundation sponsored a summer school program that sought to develop an affordable do-it-yourself atomic force microscope suitable for use in schools by children, for under US$1,000 (Grey, 2015) . The result of this program has been a low-cost open-source AFM that children can build using LEGO, Arduino, cheap 3D printable parts and local components. While the system is still being improved, its ability to produce high resolution images of PM2.5 particles has been shown. At the same time, a closed-source version of the DIY AFM, the Strømlingo DIY AFM kit, has reached the market. Now, children can assemble AFM microscopes and start operating them in less than a day, making this technology reachable for most schools and educational centers, opening it up for the user's creativity to come into play.
The system presented in this report uses these affordable DIY AFM kits, which can operate in both contact and non-contact mode and achieve better than 20nm resolution, to image PM2.5 particles. Unfortunately, these systems use open loop scanners, which means that the measurement of any feature within the images produced needs to be calibrated with a feature of known distance. In order to solve this problem, the particle collection protocol involves using DVD disks without the protective layer as a flat substrate for particle collection, sampling and measurement. Because the distance between two data tracks on the disk surface is fixed (740 nm), the DVD tracks can be used to calibrate the AFM images, enabling accurate morphological characterization of PM2.5 particles.
To collect the particles, a piece of a DVD (the Lego2Nano DIY AFM has a typical scanning area of 15 µm x 15 µm) without protective layer is placed outdoors for at least 10 minutes (see Figure  1 , showing school children collecting and scanning PM2.5 particles). This suffices for particles to accumulate in the DVD piece, which then can be easily scanned to produce 128 pixels × 128 pixels images in under 15 minutes.
CROWDSOURCING-BASED PM2.5 DETECTION SYSTEM
Crowdsourcing is a fast and cheap method for engaging large populations of individuals in human computation, commonly used in citizen science projects in which the public participate in scientific research by providing and making meaning of their collective data (Wiggins, 2010; Brabham, 2008 Figure 3. Crowdcrafting interface, where the user is asked to draw a polygon over the particle in order to measure its size and shape.
Crowdcrafting is powered by PyBossa 2 , an open source Python engine for distributed-tasks projects with very simple architecture and usability that has been used in different types of projects from pattern recognition in images, sound and videos, to geo-coding places. A PyBossa project consists in one or more tasks that are analyzed by a multitude of people so that valid statistical results are obtained.
In our project, contributors upload AFM images of the DVD sections, together with the geographical and temporal information corresponding to when the particles were collected. Each of these images generates a task in PyBossa. When volunteers access our project in Crowdcrafting, they are presented with several tasks. For each of them, they are asked to report whether they see any particles in the image and, if so, how many such particles are present. If particles are present, then they are asked to draw a polygon over an area of the image with no particles and good image quality for automatic calibration of the measurements, and then polygons over each of the particles detected.
Calibration is performed on the selected area by calculating the autocorrelogram of this area and selecting the x and y peak frequency components, which can be used to infer the number of pixels between DVD tracks. Since the distance between tracks is fixed (740 nm), we can obtain the width in nm of the pixels in the image.
Once the user has identified and measured all particles, the data is saved in Crowdcrafting. In order to obtain accurate measurements, for each image this process is repeated by at least 10 different people. Once all the answers have been collected agreement scores are computed and outliers are removed from the data before reporting average particle sizes and shapes. The results can then be used to calculate particle size distributions and study their morphology.
CONCLUSIONS AND FUTURE WORK
We have developed a crowdsourcing-based air pollution measurement system based on DIY atomic force microscopes. The system can be used to measure particle size distributions and morphology, as well as how these change over time and across geographical locations.
The system is primarily intended as a teaching tool for children to engage in environmental policy.
While it is not a replacement for traditional methods of teaching about pollution, its sources and its negative consequences, it can be an excellent and important augmentation. In particular, it may be able to inspire, engross and engage students in ways different from traditional classrooms.
At the same time, it also serves as a powerful scientific platform for scientists to study the geotemporal patterns of PM2.5 generation, such as seasonal variations or other long-term trends, by leveraging the combined processing power of a multitude of children to analyze the data contributed from different schools across the globe.
Although the project is still in its infancy, as DIY AFM kits become mainstream and educational centers adopt them, we expect our Crowdcrafting platform 3 to be populated with images of pollution particles from all over the world. Once sufficient images are collected, our platform will enable children to contribute to the discovery of trends and patterns of PM2.5 through crowdsourced human computation . By actively involving them in the discovery of these trends, we hope to engage them in the development of novel strategies that exploit the crowdsourced data and the heterogeneity of source locations for the reduction of a problem that causes millions of human deaths worldwide every year.
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